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Related Applications 

The present application is a non-provisional application of US Provisional 
Patent Application, serial number 60/328,632, filed October 1 1, 2001 and hereby claims 
priority under 35, U.S.C. 120 of that Provisional Application. 

10 

BACKGROUND OF THE INVENTION 

This invention relates generally to applying gas cluster ion beams (GCBB) to 
improve the quality of electrical interconnections in integrated circuitry, and, more 
particularly to improving electrical interconnections by etching and/or cleaning the 
15 bottoms of interconnect vias between integrated circuit interconnect layers in circuits 
employing the dual damascene process, or the like, prior to forming tlie interconnecting 
via plug. 

The use of a gas cluster ion beam for etching or cleaning planar material 
surfaces is known (see for example, US patent 5,814,194, Deguchi et al.) in the ait. 

20 For purposes of this discussion, gas clusters are nano-sized aggregates of materials 
that are gaseous under conditions of standard temperature and pressure. Such clusters 
typically consist of aggregates of from a few to several thousand molecules loosely 
bound to form the cluster. The clusters can be ionized by electron bombardment or 
other means, permitting them to be formed into directed beams of known and 

25 controllable energy. The larger sized clusters are often the most useful because of their 
abiUty to carry substantial energy per cluster ion, while yet having only modest energy 
per molecule. The clusters disintegrate on impact, with each individual molecule 
carrying only a small fraction of the total cluster energy. Consequently the impact 
effects of large clusters are substantial, but are limited to a very shallow surface region. 

30 This makes ion clusters effective for a variety of surface modification processes, 

without the tendency to produce deeper subsurface damage characteristic of monomer 
ion beam processing. 

Means for creation of and acceleration of such GClBs are described in the 
reference (US 5,814,194) previously cited. Presently available ion cluster sources 

35 produce clusters ions having a wide distribution of sizes, n (where n = the number of 
molecules in each cluster - in the case of monatomic gases like argon, an atom of the 
monatomic gas will be referred to as a molecule and an ionized atom of such a 
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monatomic gas will be referred to as a molecular ion - or simply a monomer ion - 
throughout this discussion). 

In the semiconductor industry, increasing circuit density drives progress toward 
smaller and smaller dimensions and larger numbers of transistors placed in an 
5 individual device. The challenges to interconnect these tiansistors becomes 

increasingly difficult. Some of the problems faced with denser interconnections are 
increased heat dissipation, greater power consumption, and longer signal delays 
resulting from higher resistance in the interconnects. Moving to the use of lower 
resistivity metals for the interconnections helps to alleviate these problems, and the dual 

10 damascene Cu interconnect scheme is becoming favored. However, in common 
modem interconnect stmctures a diffusion barrier material must be employed to 
encapsulate the metal conductor to prevent diffusion of the conductor metal atoms so as 
to avoid undesired contamination of the semiconductor materials. Typical barrier 
materials used are thin films of materials such as Ta, TiN, TaN, etc., which have 

15 significantly higher electrical resistivities than die Al or Cu used as the interconnect 
metal. Dielectric materials like SiC and SiN also make effective diffusion barriers and 
have advantages but have not so far found wide acceptance because they have much 
higher electrical resistance and do not provide low resistance electrical continuity at the 
bottoms of electrical interconnect vias. Usually, cylindrical vias form the connections 

20 between interconnect metal layers, and barrier material films are used inside the vias. 
The barrier materials must first be deposited in such a way as to form a continuous 
layer on the sidewalls of the via. Typically this results in an additional amount also 
deposited at the bottom of the contact (bottom or base of the via). This film at the 
bottom of the contact is unnecessary as a diffusion barrier since the adjacent material is 

25 the interconnect metal, and unfortunately contributes an increased resistivity obstruction 
in the electrical current path. The interface resistance between the interconnect metal 
and the barrier material also exacerbates this problem. The Semiconductor Industry 
Association's International Technology Roadmap for Semiconductors (TTRS 2000) 
projects that barrier/cladding thickness must be decreased to from 13 nm to 10 nm by 

30 2005 and to 0 nm by 2008 in order to meet industry goals. 

Another significant source of high contact resistance is residue of materials 
from previous process steps in the manufacturing of the interconnect structures that 
tend to be trapped or otherwise remain in the bottom of the contact via stmctures. 
These residues generally consist of high resistivity materials such as organic 

35 compounds from photo-resists, and by-products of etching of other layers in the film 
stack. The removal of this contamination layer at the bottom of a contact stractuie is 
another significant means for improvement in IC performance. 
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In modem interconnect technology, via holes are etched through the inter-metal 
dielectric layer between interconnect layers, using a mask. After etching, the bottom of 
the vias have residual byproducts (such as for example, SiN and CuO in a dual 
damascene process) that can adversely affect via interconnect resistance. It is 
5 problematic to effectively get etchants to the bottoms of the interconnect vias. Plasma 
etching or cleaning technologies operate in the range of pressures greater than 10"^ 
Torr. At such pressures the mean free path of the ion is short (less than about 5 cm for 
Ar at 10"^ Torr) and make many collisions that result in poor etching directionality. 
Thus the reactive ions tend to attack the interconnect via sidewalls and can undesirably 
10 reduce the sidewall barrier material thickness. This increases the risk of a breach in the 
barrier. It is also very difficult to get reacted material evacuated from the bottom of the 
contact. After the cleaning step, a barrier material is deposited and then the via is filled 
wifli the plug material (for Al interconnects) or, for Cu interconnects, a seed Cu layer is 
deposited and then the via is tlien filled with a Cu plug. Any residues can dramatically 
15 degrade the interconnect via characteristics. 

GCIBs having sufficient flux density to clean or etch planar surfaces or 
surfaces having modest deviations from planarity are readily generated with existing 
technology. Similaily, more conventional monomer ion beams capable of etching or 
milling or cleaning planar or near-planar surfaces are also readily generated. Wlien 
20 such beams are used to clean or etch surfaces, the cleaning or etching generally results 
from a sputtering process or in the case where a reactive ion species is employed, 
reactions of the ions with the surface can work in combination with a sputtering 
process. Because of the large aspect ratios of interconnect vias it has not been practical 
to clean or etch the bottoms of interconnect vias without undesirable effects on the 
25 sidewalls of the vias. Directed beams of conventional monomer ions are not readily 

produced with high flux densities necessary for practical cleaning or etching rates while, 
simultaneously having a high degree of directionality (low beam emittance and low 
beam divergence). Energetic monomer ions striking a surface at a grazing angle tend to 
have a higher sputtering rate much higher than they do when they strike a surface at 
30 normal or near-normal incidence. Accordingly, when such ions are directed down an 
interconnect via hole, sputtering of the sidewalls tends to proceed at a higher rate than 
sputtering of the bottom. 

It is therefore an object of this invention to provide a method to effectively and 
efficiently clean the bottoms of interconnect vias without significantly degrading the 
35 integrity of the barrier material film on the interconnect via sidewalls. 
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It is also an object of this invention to provide a metliod to effectively and 
efficiently clean or etch the bottoms of interconnect vias without significantly etching 
the sidewalls of the interconnect vias. 

It is a fuither object of this invention to provide a method to etch away the 
5 barrier material film and any contaminants at the bottoms of interconnect vias without 
significantly degrading the integrity of the bander material film on the interconnect via 
sidewalls in order to make lower resistance contacts between interconnect layers. 

It is a still further object of this invention to provide an electrical interconnect 
via for integrated circuits that uses dielectric or high resistivity diffusion barrier 
10 materials. 



SUMMARY OF THE INVENTION 

The objects set forth above as well as further and other objects and advantages 
of the present invention are achieved by the embodiments of the invention described 
15 hereinbelow. 

One embodiment of the present invention provides a method for processing a 
' recess, such as a trench or via, which extends into a substrate to a base or bottom, 
comprising the step of directing a gas cluster ion beam through the recess on to the 
base or bottom. In one refinement, the recess is coated with a baiiier material on a 

20 sidewall and the base or bottom of the recess, and further wherein the step of directing 
is used for etching the barrier material from the base or bottom of the recess without 
substantially etching the barrier material from the sidewall of the recess. Further, the 
recess may be an opening in an inter-metal dielectric material, and further wherein the 
barrier material is a highly resistive, diffusion barrier layer. 

25 In another refinement, the step of directing includes moving the gas cluster ion 

beam with respect to the substrate while maintaining the substrate substantially nomial 
to the gas cluster ion beam. 

In yet another refinement, the step of directing is used for removing residue 
material from the base or bottom of the recess after formation of the recess in the 

30 substrate. 

In still another refinement, the recess extends into the substrate in one or more 
directions to the base or bottom, wherein the step of directing is performed 
approximately parallel to said one or more directions. 

In still another refinement, the step of directing is performed in an atmospheric 
35 pressure of less than 10 Torr. 
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In still another refinement, the gas cluster ion beam clusters may include an 
inert gas and a reactive gas. The reactive gas may include or a halogen or halogen- 
bearing gas, and the mixture may include at least one of hydrogen or oxygen. 

In another embodiment, the present invention provides a substrate having a 
5 recess such as a trench or via, extending into the substrate, and includes the recess 
having a base or bottom processed by a step of directing a gas cluster ion beam 
through tlie recess on to the base or bottom. In a refinement, the recess has at least one 
sidewall and is first coated with a barrier material on the sidewall and the base or 
bottom, wherein the step of directing is used for etching the barrier material from the 

10 base or bottom of tlie recess without substantially etching barrier material from the 
sidewall of the recess. In yet a further refinement, the recess is an opening in an inter- 
metal dielectric material, wherein the bairier material is a highly resistive, diffusion 
barrier layer. In still a further refinement, tlie substrate further includes a conductive 
interconnect located within the recess and surrounded along at least one sidewall by the 

15 highly resistive, diffusion bairier layer, wherein the conductive interconnect includes a 
relatively low resistance connection at the base or bottom of the recess 

In another refinement, tlie substrate includes a surface proximal to the recess 
and on which the barrier material is also coated, wherein the step of directing is used 
for thinning of the barrier material on the proximal surface. 

20 In yet another refinement, the step of directing includes forming the gas cluster 

ion beam from an inert gas and a reactive gas to reduce re-deposition of etched 
material. 

In another embodiment, a method for removing diffusion barrier layer material 
from a bottom of a trench or via structure during fabrication of an integrated circuit, 
25 includes: 

providing an integrated circuit substrate for forming an integrated circuit, the 
substrate containing at least one trench or via structure at a surface of the substrate, the 
at least one trench or via structure having a bottom comprising diffusion barrier layer 
material and at least one sidewall comprising a diffusion barrier layer material; 
30 forming an accelerated and directed gas cluster ion beam in a reduced pressure 

chamber, the gas cluster ion beam having a beam path; 

disposing the surface of the substrate in the reduced pressure chamber and in 
the gas cluster ion beam path; and 

irradiating the bottom of the at least one trench or via structure with the gas 
35 cluster ion beam to remove diffusion barrier layer material from the bottom of the at 
least one trench or via stmcture. 
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In a refinement, the diffusion barrier layer material comprises at least one of the 
group (Ta, TaN, TiSiNx, SiC, and SiN). 

In still another embodiment, an electrical interconnect via in an inter-metal 
dielectric substrate includes a sidewall suixounded by a highly resistive, diffusion 
5 barrier layer, and a base or bottom fomiing a relatively low resistance connection. 

For a better understanding of the present invention, together with other and 
further objects thereof, reference is made to the accompanying drawings and detailed 
description and its scope will be pointed out in the appended claims. 

10 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic showing the basic elements of a prior art GCIB 
processing apparatus that uses an electrostatically scanned beam; 

Figure 2 is a schematic showing the basic elements of a GCIB processing 
apparatus of the present invention that uses mechanical scanning of a workpiece to 
15 distribute the effect of a GCIB over a surface of a workpiece; 

Figure 3 is a cross section of a prior art electrical interconnect via between two 
metal interconnection layers of an integrated circuit; 

Figure 4 is a cross section of a prior art electrical interconnect via, illustrating 
processing of barrier material by conventional monomer ion bombardment; 
20 Figure 5 is a cross section of an electrical interconnect via, illusti-ating 

processing of barrier material by GCIB bombardment according to an embodiment of 
the invention; 

Figure 6 is a cross section of a prior art electrical interconnect via, iUustrating 
processing of residue by conventional monomer ion bombardment; 
25 Figure 7 is a cross section of an electrical interconnect via, illustrating removal 

of residue by processing with GCIB bombardment according to an embodiment of the 
invention; 

Figure 8 is a cross section of an electrical interconnect via, free of residue 
following processing according to an embodiment of the invention; 
30 Figure 9 is a cross section of an electrical interconnect via, showing a barrier 

material layer that is residue free after formation according to an embodiment of the 
invention; 

Figure 10 is a cross section of an electrical interconnect via, without barrier 
material nor residue at the bottom of the via, according to embodiments of tlie 
35 invention; 
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Figure 1 1 is a cross section of an improved complete electrical interconnect via, 
including plug metal, between two metal interconnect layers, with a residue-free barrier 
material at the bottom of tlie via, according to an embodiment of the invention; 

Figure 12 is a cross section of an improved complete electrical interconnect via, 
5 including plug metal, between two metal interconnect layers, with no barrier material or 
residue at tlie bottom of the via, according to embodiments of the invention; 

Figure 13 is a scanning electron micrograph of a cross sectional view of the 
bottom of a prior art electrical interconnect via, with barrier material on the sidewalk 
and at the bottom; and 
10 Figure 14 is a scanning electron micrograph of a cross sectional view of the 

bottom of an electrical interconnect via, after processing according to the invention, 
showing removal of barrier material at the bottom of the via, but leaving the sidewall 
barrier material intact 

15 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Figure 1 shows a schematic of the basic elements of a typical configuration for 
a GCIB processor 100 of a form known in prior ait, and which may be described as 
follows: a vacuum vessel 102 is divided into tliree communicating chambers, a source 
chamber 104, an ionization/acceleration chamber 106, and a processing chamber 108. 

20 The three chambers are evacuated to suitable operating pressures by vacuum pumping 
systems 146a, 146b, and 146c, respectively. A condensable source gas 112 (for 
example argon or Nj) stored in a gas storage cylinder 1 11 is admitted under pressure 
through gas metering valve 1 13 and gas feed tube 1 14 into stagnation chamber 1 16 and 
is ejected into the substantially lower pressure vacuum tlirough a property shaped 

25 nozzle 1 10. A supersonic gas jet 118 results. Cooling, which results from tiie 

expansion in the jet, causes a portion of the gas jet 1 1 8 to condense into clusters, each 
consisting of from several to several thousand weakly bound atoms or molecules. A 
gas skimmer aperture 120 partially separates the gas molecules that have not condensed 
into a cluster jet from the cluster jet so as to minimize pressure in the downstream 

30 regions where such higher pressures would be detrimental (e.g., ionizer 122, high 

voltage electrodes 126, and process chamber 108). Suitable condensable source gases 
1 12 include, but are not necessarily limited to argon, nitrogen, carbon dioxide, oxygen, 
and other gases. 

After the supersonic gas jet 118 containing gas clusters has been formed, the 
35 clusters are ionized in an ionizer 122. The ionizer 122 is typicaUy an electron impact 
ionizer that produces thermoelectrons from one or more incandescent filaments 124 
and accelerates and directs the electrons causing them to coUide with the gas clusters in 



BNSCXDCID: <WO 



03048407A1 .L> 



wo 03/048407 PCT/US(>2/32592 

8 

the gas jet 118, where the jet passes through the ionizer 122. The electron impact ejects 
electrons from the clusters, causing a portion the clusters to become positively ionized. 
A set of suitably biased high voltage electrodes 126 extiacts the cluster ions from the 
ionizer, forming a beam, then accelerates them to a desired energy (typically from 1 

5 keV to several tens of keV) and focuses them to form a GCEB. 

Filament power supply 136 provides voltage Vp to heat the ionizer filament 124. 
Anode power supply 134 provides voltage to accelerate thermoelectrons emitted 
from filament 124 to cause them to irradiate the cluster containing gas jet 1 18 to 
produce ions. Extraction power supply 138 provides voltage to bias a high voltage 

10 electrode to extract ions from the ionizing region of ionizer 122 and to fonn a GCIB 
128. Accelerator power supply 140 provides voltage V^^c to bias a high voltage 
electrode with respect to the ionizer 122 so as to result in a total GCIB acceleration 
energy equal to V^^^ electron volts (eV). One or more lens power supplies (142 and 
144 shown for example) may be provided to bias high voltage electrodes with 

15 potentials (V^ and for example) to focus the GCIB 128. 

A workpiece 152, which may be a semiconductor wafer or other workpiece to 
be processed by GCIB processing, is held on a workpiece holder 150, disposed in the 
path of the GCIB 128. Since most applications contemplate the processing of large 
workpieces with spatially uniform results, a scanning system is desirable to uniformly 

20 scan the GCIB 128 across large areas to produce spatiaUy homogeneous results. Two 
pairs of orthogonally oriented electrostatic scan plates 130 and 132 can be utilized to 
produce a raster or other scanning pattem across the desired processing area. When 
beam scanning is performed, the GCIB 128 is converted into a scanned GCIB 148, 
which scans the entire surface of workpiece 152. 

25 Figure 2 shows a schematic of the basic elements of an improved configuration 

for a mechanically scanning GCIB processor 200, which uses a mechanical scanning 
technique to scan the workpiece 152 relative to the GCIB. The workpiece 152 is a 
semiconductor wafer having on its surface one or more interconnection vias with axes 
substantially perpendicular to the surface. Such vias may also be other than 

30 perpendicular to the surface. GCIB formation is similar to as shown in Figure 1, but in 
mechanically scanning GCIB processor 200 of Figure 2, the GCIB 128 is stationary 
(not scanned) and the workpiece 152 is mechanically scanned through the GCBB 128 
to distribute the effects of the GCIB 128 over a surface of the workpiece 152. Also, the 
single source gas supply of Figure 1 is supplemented by additional condensable source 

35 gases 252 and 258, stored in a second and third gas storage cylinders 250 and 256 

respectively. Three controllable valves, 246, 248, and 254, control flow of condensable 
source gases 112, 252, and 258 respectively. With suitable controls, valves 246, 248, 
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and 254 can select any of source gases 1 12, 252, or 258 or can deliver a mixture of two 
or more of gases 112, 252, and 258, tlirough gas feed tube 114 to stagnation chamber 
116. Valves 246, 248, and 254 are preferably electronically controllable mass flow 
control valves with complete shut-off capability. 

5 An X-scan actuator 202 provides linear motion of the workpiece holder 150 in 

the direction of X-scan motion 208 (into and out of the plane of the paper). A Y-scan 
actuator 204 provides linear motion of the workpiece holder 150 in the direction of Y- 
scan motion 210, which is ortliogonai to the X-scan motion 208. The combination of 
X-scanning and Y-scanning motions moves the workpiece 152, held by the workpiece 

10 holder 150 in a raster-like scanning motion through GCIB 128 to cause a uniform 

inadiation of a surface of the workpiece 152 by the GCIB 128 for uniform processing 
of the workpiece 152. The workpiece holder 150 disposes the workpiece 152 at an 
angle with respect to the axis of the GCIB 128 so that the GCIB 128 has an angle of 
beam incidence 206 with respect to the workpiece 152 surface, and X-scan motion 208 

15 and Y-scan motion 210 maintain that angle of beam incidence to the worl^iece 152 
surface. The angle of beam incidence 206 may be 90 degrees or some other angle. 
During Y-scanning, the workpiece 152 held by workpiece holder 150 moves from the 
position shown to the alternate position "A", indicated by the designators 152A and 
150A respectively. Notice that in moving between the two positions, the woricpiece 152 

20 is scanned through tlie GCIB 128 and in both extreme positions, is moved completely 
out of the path of the GCIB 128 (over-scanned). Though not shown explicitly in 
Figure 2, similar scanning and over-scan is performed in the orthogonal X-scan motion 
208 direction (in and out of the plane of the paper). 

A beam current sensor 222 is disposed beyond the workpiece holder 150 in the 

25 path of the GCIB 128 so as to intercept a sample of the GCIB 128 when the workpiece 
holder 150 is scanned out of the path of the GCDB 128. The beam current sensor 222 
is preferably a faraday cup or the like and is affixed to the wall of the vacuum vessel 
102 with an electrically insulating mount 212. 

A controller 220, which may be a microcomputer based controller connects to 

30 the X-scan actuator 202 and the Y-scan actuator 204 through electrical cable 216 and 
controls the X-scan actuator 202 and the Y-scan actuator 204 so as to place the 
workpiece 152 into or out of the GCIB 128 and to scan the workpiece 152 uniformly 
relative to the GCIB 128 to achieve uniform processing of the workpiece 152 by the 
GCIB 128. The apparatus may also include one or more, manual or automated, Z-axis 

35 controllers for accommodating angles of incidence of the beam on the substrate of 
other than ninety degrees. 
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Controller 220 receives the sampled beam cuirent collected by the beam current 
sensor 222 by way of lead 214 and thereby monitors the GCEB and controls the GCIB 
dose received by the workpiece 152 by removing the workpiece 152 from the GCIB 
128 when a predetermined desired dose has been delivered. Controller 220 also 

5 connects to valves 246, 248, and 254 tlirough electrical cable 218 and controls valves 
246, 248, and 254 to select any source gases 112, 252, or 258, or to select two or more 
gases in a mixture having controllable ratios of each constituent gas. Controller 220 
also sets the flow rate of the selected source gas or the mixture of gases through the 
gas feed tube 114 to the stagnation chamber 116 for generating a gas jet 118 having a 

10 known and controllable constitution. Accordingly, a GCIB 128 having been formed 
from a source gas having a known and controllable constitution, which may be a single 
gas or a mixture of two or more gases can be generated Controller 220 may be a 
portion of a general system controller that controls other functions and operation of the 
mechanically scanning GCIB processor 200. It is recognized that additional gas 

15 cylinders having additional gases controlled by additional valves could be provided to 
increase the mixture possibilities for the GCIB source gas constitution. It is also 
recognized that any single gas cylinder, cylinder 1 1 1 for example, could be filled with a 
source gas nMXture in a premixed ratio of two or more source gases to provide a source 
gas mixture using a single gas cylinder and valve. 

20 Figure 3 shows a cross section of an electrical interconnect via structure 300 

formed in a recess 301 in a substrate 306. Via structure 300 has been fabricated in 
accordance with the prior art. Recess 301 is typically characterized by a central axis 
303 which defines a single direction along which recess 301 extends into substrate 
306. As shown, via stmcture 300 also represents a cross section of a trench-like via, 

25 and axis 303 represents an imaginary median surface for such Uench-like via. which 
median surface extends through the surface of Fig. 3. In the instance of a straight 
trench, the imaginary median surface would be planar. 

Metal intercoimect layers 302 and 304 are two of what may eventually be 
several intetcormection layers on an integrated circuit. Interconnect via 300 between the 

30 two metal interconnect layers 302 and 304, which are separated by interlayer dielectric 
substrate 306, is lined with a barrier material 308 and filled with a metal plug 312. 
Barrier material 308 separates the metal plug 312 firom the lower metal interconnect 
layer 302, increasing the interlayer contact resistance, which is undesirable. Residue 
material 310 fiom previous processing stages is also present at the base or bottom of 

35 the electrical interconnect via between the metal plug 312 and the lower metal 

interconnect layer 302, which increases the interlayer contact resistance and decreases 
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the long tenn stability and therefor the reliability of the inter-level connection, which is 
also undesirable. 

By applying gas cluster ion beam technology according to the present 
invention, a metliod is provided for both cleaning residue from the base or bottom of 

5 the interconnect via prior to barrier deposition and also for removing barrier material 
(such as Ta, TaN, TiSiNx, etc.) from the bottom of the interconnect via, thereby 
reducing the contact resistance of the interconnect. 

Sidewall etching/sputtering of the interconnect via or barrier material present on 
the sidewall is greatly minimized by the use of a gas cluster ion beam applied at 

10 approximately normal incidence to the surface of the integrated circuit. This orientation 
causes the ion beam to be approximately parallel to the axis of any typical recess in the 
substrate surface, such as the axis of a cylindrical interconnect via, or the median 
surface of a trench-like via: It is preferable that the GC3B have as low a divergence 
and emittance as is practical consistent with adequate beam flux density to provide 

15 practical processing speed. It is recognized that such practical GCDBs may have 
deviations on the order of a few degrees. Such gas cluster ions as may impact 
sidewalls, because of deviation of beam elements from parallelism to the via axis, have a 
very low sputter yield compared to those that strike surfaces at approximately normal 
incidence. This sputtering characteristic is notably different from that which occurs 

20 when conventional monomer ions are employed. Monomer ions have much higher 
sputter yields at low angles of incidence than at near-normal incidence and tliis and 
contributes to the destruction of the sidewalls. GCIB etching is shown to be effective 
in selectively removing the material at the bottom of an interconnection via or trench. 

Although GClBs composed of inert gases such as argon have been employed 

25 very successfully in die prior art to sputter surfaces for cleaning or etching, in order to 
clean or etch the bottom of an interconnect via, it is preferable to employ a GCIB 
comprising gas cluster ions comprising a mixture of an inert gas and a reactive gas 
such as fluorine (F), SF^, CF4, etc. in order to volatize the material at the bottom of the 
via. When inert gas clusters alone are employed in the GCIB processing, the sputtered - 

30 material from the bottom of the via structure tends to re-deposit on the sidewalls of the 
via and may narrow the via impeding furtiier processing and otiierwise undesirably 
affecting the via stixicture. Adding fluorine to the GCIB clusters, results in reduced re- 
depositing of sputtered material on the sidewalls of the via, enabling successful 
processing. In addition, oxygen or hydrogen gas may be added to the clusters to 

35 minimize the formation of C-F polymers when carbon material may be present in 
residues in the via bottoms or when a gas cluster ion beam constituent is carbon, for 
example when CF4 is used as a fluorine bearing reactive gas. By reducing polymer 
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formation, the tendency to redeposit sputtered material from the bottoms of the vias on 
the sidewalls is also reduced. 

In a dual damascene interconnect structure, the removal of barrier material will 
occur on all surfaces near-normal to the GCIB incidence. This also provides the 

5 advantage of thinning the barrier on top of the inter-metal dielectiic (substrate surface), 
which is difficult to thin by CMP. 

In one embodiment, the invention provides a metliod for processing a recess 
such as a trench or via which extends into a substrate to a base or bottom, including a 
step of directing a gas cluster ion beam through the recess directly on to the base or 

10 bottom. In a first application of this invention, GCIB processing is used to remove 
residues from the base or bottom of a recess, such as a via or trench opening in the 
inter-metal dielectric prior to forming the barrier material layer. This results in a 
residue-free contact between barrier material and the lower metal interconnect layer of 
the connection. The improvement is reduction of the contributions to contact resistance 

15 and poor reliability that result from the presence of such residues. 

In a second application of this invention, GCIB processing is employed after 
barrier material layer formation to completely remove all barrier material and any 
residues from the bottom of a recess, such as an interconnect via or trench, prior to 
forming the metal plug for the recess. This results in both a residue-free and barrier- 

20 material-free contact between the plug metal and the lower interconnect metal layer. The 
improvement is reduction of the contributions to contact resistance and poor rehability 
that result from the presence of such residues. This enables the use of dielectric or 
high resistivity barrier materials in electrical interconnect vias or trenches (like SiC or 
SiN, for example) since the barrier material and any residues are both completely 

25 removed from the bottoms of the vias or trenches by the process of the invention. 

In the second application, when all the barrier material at the base or bottom of 
the via is removed before filling the via or trench with plug metal, electromigration 
problems for the interconnect stracture are reduced because a Cu-Cu or Al-Al 
connection for interconnect provides a constant source of Cu or Al atoms throughout 

30 the interconnect structure and minimizes void formation. 

In another embodiment of this invention, a substrate includes a recess, such as 
an electrical via or trench stmcture, which recess is processed by directing a GCIB 128 
onto the base or bottom of the recess. The recess may include a dielectric or high 
resistivity diffusion barrier material, such as SiN or SiC, which is located only on 

35 sidewalls and not on the base or bottom of the recess. 

There are several advantages for GCIB cleaning/etcliing of via bottoms 
compared to the more conventional plasma etching or reactive ion etching technologies: 
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1) GCm processing is readily performed at less that 10" Torr. This is an order of 
magnitude lower process pressure and the mean free path of the reactive ions are 
correspondingly longer and can maintain a degree of beam coUimation; 2) Gas cluster 
beams aie formed from a nozzle source and typically employs beam optics and 

5 acceleration to form a substantially coUimated beam of gas cluster ions; 3) Gas cluster 
ions may be directed to impact on a surface at a near-normal angle (parallel to the axis 
of a recess); 4) Gas cluster ions may be formed with a mixture of gas species that will 
react to the barrier material or residue (such as fluorinated molecules F, SFg, CF4, etc.); 
5) Gas cluster ions may contain a binding gas such as Oj or Hj gas that will react with 

10 free radical molecules (fluorinated) to help prevent polymerization of the fluorinated 
species.; 6) An additional GCIB cleaning process step may be used to remove surface 
oxides and contaminates; 7) A GCIB processing chamber may be readily connected to 
a deposition cluster tool to minimize re-oxidation before subsequent seed deposition or 
plug fill steps; and 8) In the case of a copper damascene process, the surface of the 

15 lower copper metal interconnect layer may be exposed and conditioned with GCIB to 
optimize the seed layer for subsequent Cu grain growth. 

Figure 4 shows a cross section of a prior art electrical interconnect via structure 
400, during a stage of fabrication of an integrated circuit earlier than the stage shown in 
Figure 3. The interconnect via structure has been etched in the interlayer dielectric 306 

20 and a barrier material 308 has been formed on the interiayer dielectric 306. 

Conventional prior art monomer ion bombardment to clean/etch the via bottom is 
illustrated. Incident ions 402 have a range of directions deviating slightly from normal 
to the bottom of the via structure and may be provided by a directed beam or a plasma 
etch or reactive ion etch source. Ions 404 striking the sidewalls of the via tend to 

25 sputter the sidewalls more effectively than ion 406 striking the bottom of the via 

structure because conventional monomer ions sputter least efficiently when their angle 
of incidence is near-normal to the surface they strike. Accordingly, conventional 
monomer ion processing of via structures is not efficient for etching or cleaning the 
barrier material 308 at the bottom of via structure 400. Ion 408 striking the upper 

30 surface of the barrier material 308 cleans or etches, but much less so than the sidewalls 
of the via structure. 

Figure 5 shows a cross section of an electrical interconnect via structure 450, 
during a stage of fabrication of an integrated circuit that is the same stage as that shown 
in Figure 4 (barrier material in place). A gas cluster ion beam 128 approximately 
35 parallel with a recess in substrate 306 is used to clean/etch the via base or bottom 
according to one embodiment of the invention. Incident gas cluster ions 452 have a 
range of directions deviating slightly from normal to the bottom of the via structure and 
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may be provided by, for example, a mechanically scanning GCBB processing system of 
the type shown in Figure 2. Gas cluster ions 454 strildng the sidewalls of the via tend 
to sputter the sidewalls much less effectively than gas cluster ion 456 striking the 
bottom of the via stmcture because gas cluster ions sputter most efficiently when their 
5 angle of incidence is near-normal to the surface tliey stiike. Accordingly, gas cluster 
ion processing of via stmctures is efficient for etching or cleaning the barrier material 
308 at the bottom of via structure 450. Ion 458 striking the upper surface of the barrier 
material 308 also cleans or etches the upper surface much more effectively than the 
sidewalls of the via structure and somewhat more effectively than the base or bottom of 

10 the via structure. This results in thinning, but not necessarily total removal of the upper 
surface of the barrier material 308, since the upper surface layer of barrier material 308 
is typically thicker than the barrier material thickness at the bottom of the via stracture. 

The process illustrated in Figure 5 may be used in implementing the substrate 
embodiment of this invention by starting with a barrier material 308 that is a dielectric 

15 or high resistivity material (such as SiC or SiN, for examples, but not for limitation), 
wherein the result is an electrical interconnection via without a high electrical 
conductivity barrier material at the bottom interconnect layer 302. 

Figure 6 shows a cross section of a prior art electrical interconnect via structure 
500, during a stage of fabrication of an integrated circuit earlier than the stage shown in 

20 Figure 4. The interconnect via structure has been etched in the interlayer dielectric 306 
but a barrier material has not yet been formed on the interlayer dielectric 306. 
Conventional prior ait monomer ion bombardment to clean/etch the via bottom is 
illustrated. Incident ions 502 have a range of directions deviating sUghdy from normal 
to the bottom of the via structure and may be provided by a directed beam or a plasma 

25 etch or reactive ion etch source. Ions 504 striking the sidewalls of the via tend to 
sputter the sidewalls more effectively than ion 506 striking the bottom of the via 
stmcture because conventional monomer ions sputter least efficiently when their angle 
of incidence is near-normal to the surface they strike. Accordingly, conventional 
monomer ion processing of via structures is not efficient for etching or cleaning the 

30 residue 310 at the bottom of via structure 500. 

Figure 7 shows a cross section an electrical interconnect via structure 550, 
during a stage of fabrication of an integrated circuit that is the same stage as that shown 
in Figure 6 (no barrier material in place). A gas cluster ion beam 128, which is 
approximately parallel with a recess in substrate 306 is used to clean/etch the via base 

35 or bottom according to one embodiment of the invention. Incident gas cluster ions 552 
have a range of directions deviating slightly from normal to the bottom of the via 
structure and may be provided by, for example, a mechanically scanning GCIB 
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processing system of the type shown in Figure 2. Gas cluster ions 554 striking the 
sidewalls of the via tend to sputter the sidewalls much less effectively than gas cluster 
ion 556 striking the base or bottom of the via structure because gas cluster ions sputter 
most efficiently when their angle of incidence is near-normal to the surface they strike. 
5 Accordingly, gas cluster ion processing of via structures is efficient for cleaning or 
removing the residue material 310 at the base or bottom of via structure 550. 

Figure 8 shows a cross section of an electrical interconnect via structure 600, 
resulting from the gas cluster ion beam processing according to one embodiment of the 
invention as illustrated in Figure 7. The base or bottom 602 of the interconnect via 

10 structure 600 is clean and free of undesirable residues and ready for formation of the 
barrier material layer. 

Figure 9 shows a cross section of an electrical interconnect via structure 650, 
resulting from the gas cluster ion beam processing according to one embodiment of the 
invention as illustrated in Figure 7. This is a stage subsequent to that shown in Figure 

15 8. Barrier material 652 has been formed in the via structure formerly cleaned/etched by 
die process of the invention. Notice that the base or bottom 654 of the via structure's 
barrier metal is free of entrapped residues. 

Figure 10 shows a cross section an electrical interconnect via structure 700, 
resulting from the gas cluster ion beam processing according to one embodiment of the 

20 invention as illustrated in Figure 5. The base or bottom 704 of the interconnect via 
structure 700 is free of barrier material and undesirable residues and ready for 
formation of the metal plug. Note that the original barrier material 308 (shown in 
Figure 5) has been etched and cleaned by the processing of the method of the invention 
and the remaining upper surface baixier material 702 has been thinned. Since the 

25 barrier material has been completely removed from the base or bottom 704 of the via 
structure, this invention provides an electrical via structure wherein the barrier material 
is a dielectric or high resistivity material (such as SiC or SiN, for example)due to the 
fact that the barrier material is not a part of the electrical connectivity circuit of the 
interconnect via stmcture. 

30 Figuie 1 1 is a cross section of an improved complete electrical interconnect via 

structure 800, including plug metal 802, between two metal interconnect layers, with a 
residue-free barrier material at tlie base or bottom of the via, according to one 
embodiment of the invention. The barrier material 652 between the plug metal 802 and 
the lower interconnect metal 302 layer is residue free, thus providing a lower resistance 

35 interconnect. 

Figure 12 is a cross section of an improved complete electrical interconnect via 
stmcture 900, including plug metal 902, between two metal interconnect layers, with no 
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barrier material or residue at the bottom of the via, according to one embodiment of the 
invention. Figure 12 also illustrates the substrate embodiment of the invention when 
the barrier material 702 is a dielectric or high resistivity material such as SiN, SiC, or 
the like. A typical such structure of approximately 100 to 200 nm via diameter, wherein 
5 the dielectric barrier layer and residue has been removed from the bottom of the via 
may readily exhibit an interconnect resistance of less than 20 ohms (or even a few 
ohms), while a corresponding structure wherein the dielectric barrier layer and residue 
has not been removed from the bottom of the via exhibits a resistance of more than a 
thousand ohmis. 

10 Figure 13 is a scanning electron micrograph of a cross sectional view of the 

bottom of a prior art electrical interconnect via, with barrier material on the sidewalls 
and at the bottom. 

Figure 14 is a scanning electron micrograph of a cross sectional view of the 
bottom of an electrical interconnect via, corresponding to the stage schematically shown 

15 in Figure 10 (after processing according to the invention), showing removal of barrier 
material at the base or bottom of the via, but leaving the sidewall barrier material intact. 

Although the invention has been described with respect to various 
embodiments, it should be realized this invention is also capable of a wide variety of 
further and other embodiments within the spirit of the invention and scope of the 

20 appended claims. For example, lower mass gas cluster ions, ranging in size from 1 to 
10 molecules, may be readily removed from the GCIB 128 by the use of a magnetic 
field as described in copending US Patent Application, serial number 09/727,810, filed 
December 1, 2000, and published on October 25, 2001 with publication number 
20010033128 Al. 



25 
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What is claimed is: 

1 . A method for processing a recess, such as a trench or via, which extends into a 
substrate to a base or bottom, comprising the step of directing a gas cluster ion 
beam through said recess directly on to said base or bottom. 

2. The method of claim 1, wherein said step of directing is used for etching material 
from said base or bottom of said recess. 

3 . The method of claim 2, wherein said recess is coated with a barrier material on a 
sidewall and on said base or bottom, and further wherein said step of directing is 
used for etching said barrier material from said base or bottom without 
substantially etching said barrier material from said sidewall of said recess. 

4. The method of claim 3, wherein said recess is an opening in an inter-metal 
dielectric material, and further wherein ^ d barrier material is a highly resistive, 
diffusion barrier layer. 

5 . The method of claim 2, wherein said step of directing is used for removing 
residue material from said base or bottom after formation of said recess in said 
substrate. 

6. The method of claim 1, wherein said recess extends into said substrate in one or 
more durections to said base or bottom, and further wherein said step of directing 
is performed approximately parallel to said one or more directions. 

7. The method of claim 6, wherein said gas cluster ion beam is durected 
approximately parallel to said one or more directions that said recess extends into 
said substrate. 

8. The method of claim 7, wherein said recess is substantially cylindrical and has a 
central axis, and further wherein said step of directing includes maintaining said 
gas cluster ion beam approximately parallel to said central axis. 

9. The method of claim 7, wherein said recess is a tiiench having an imaginary 
median surface defining the approximate center of said trench, and further 
wherein said step of directing includes maintaining said gas cluster ion beam 
approximately parallel to said median surface. 

1 0. The meUiod of claim 1, wherein said step of directing includes a step of moving 
said gas cluster ion beam with respect to said substi:ate while substantially 
maintaining an angle of incidence between said gas cluster ion beam and said 
substrate. 
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1 1 ■ The method of claim 10, wherein said step of moving includes moving said 
substrate relative to said gas cluster ion beam while maintaining said substrate 
substantially normal to said gas cluster ion beam. 

12. The method of claim 1, wherein the gas cluster ion beam clusters comprise an 
5 inert gas and a reactive gas. 

13. The method of claim 12, wherein the reactive gas comprises a halogen or 
halogen-bearing gas. 

14- The method of claim 12, wherein the gas cluster ion beam clusters comprise an 
inert gas and a reactive gas and at least one of hydrogen or oxygen. 

10 15. The method of claim 1, wherein said step of directing is performed in an 
atmospheric pressure of less than 10""^ Torr. 

16. A substrate including a recess, such as a trench or via, extending into said 
substrate, comprising said recess having a base or bottom processed by a step of 
directing a gas cluster ion beam through said recess directly on to said base or 

15 bottom. 

17. The substrate of claim 16, wherein said recess has at least one sidewall and is first 
coated with a barrier material on said sidewall and said base or bottom, and 
further wherein said step of directing is used for etching said barrier material 
from said base of said recess without substantially etching said barrier material 

20 from said side wall of said recess. 

18. The substrate of claim 17, wherein said recess is an opening in an inter-metal 
dielectric material, and further wherein said barrier material is a highly resistive, 
diffusion barrier layer. 

1 9. The substrate of claim 18, further comprising a conductive interconnect located 
25 within said recess and surrounded along said at least one sidewall by said highly 

resistive, diffusion barrier layer, wherein said conductive interconnect includes a 
relatively low resistance connection at said base or bottom of said recess. 

20. The substrate of claim 17, further comprising a substrate surface proximal to said 
recess and on which said barrier material is also coated, wherein said step 

30 directing is used for thinning of said barrier material on said proximal substrate 

surface. 

21. The substrate of claim 16, wherein said step of directing is used for removing 
residue material from said bottom surface of said recess after formation of said 
recess in said substrate. 
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22. The substrate of claim 16, wherein said step of directing includes fonning said 
gas cluster ion beam from an inert gas and a reactive gas to reduce re-deposition 
of etched material. 

23. A method for removing diffusion barrier layer material from a bottom of a trench 
5 or via stracture during fabrication of an integrated circuit, comprising: 

a. providing an integrated circuit substrate for forming an integrated circuit, 
said substrate containing at least one trench or via structure at a surface of 
said substrate, said at least one trench or via structure having a bottom 
comprising diffusion barrier layer material and at least one sidewall 

10 comprising a diffusion barrier layer material; 

b. forming an accelerated and directed gas cluster ion beam in a reduced 
pressure chamber, said gas cluster ion beam having a beam path; 

c. disposing said surface of said substrate in the reduced pressure chamber 
and in the gas cluster ion beam path; and 

15 d. irradiating the bottom of the at least one trench or via stoicture with the gas 

cluster ion beam to remove diffusion barrier layer material from the bottom 
of the at least one trench or via structure. 

24. The method of claim 23, wherein the diffusion barrier layer material comprises at 
least one of the group (Ta, TaN, TiSiNx, SiC, and SiN). 

20 25 . The method of claim 23, wherein the diffusion barrier layer material is a dielectric 
material. 

26. The method of claim 23, wherein the diffusion barrier layer material comprises a 
material having an undesirably high electrical resistivity material. 

27. The method of claim 23, wherein the trench or via is an opening in an inter-metal 
25 dielectric material. 

28. The method of claim 23, wherein the trench or via is a portion of an electrical 
interconnect system in a dual damascene integiated circuit process. 

29. The method of claim 23, wherein said via is substantially cylindrical and has a 
central axis, and further wherein said gas cluster ion beam is maintained 

30 approximately parallel to said central axis. 

30. The method of claim 23, wherein said Urench has an imaginary median surface, 
and further wherein said gas cluster ion beam is maintained approximately 
parallel to said median surface. 

3 1 . The method of claim 23, wherein the gas cluster ion beam clusters comprise an 
35 inert gas and a reactive gas. 

32. The method of claim 21, wherein the reactive gas comprises a halogen or halogen- 
bearing gas. 
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33. The method of claim 23, wherein the gas cluster ion beam clusters comprise an 
inert gas and a reactive gas and at least one of hydrogen or oxygen. 

34. The method of claim 23, wherein the reactive gas comprises a halogen or halogen 
bearing gas. 

35. The method of claim 23, wherein the diffusion banier layer material on the at least 
one sidewall is not removed. 

36. The method of claim 23, wherein said gas cluster ion beam is accelerated to a 
beam energy of from approximately 1 keV to approximately 50 keV. 

37. An electrical interconnect via in an inter-metal dielectric substrate comprising a 
central conductor surrounded by a highly resistive diffusion barrier layer, and a 
base or bottom forming a relatively low resistance connection. 

38. The electrical interconnect via of claim 37, wherein said barrier layer is a 
dielectric. 



wo ()3/()484(>7 



PCT/US02/32592 



1/14 




BNSDOCID: <WO 



0304e407Al I > 



wo 03/048407 



2/14 



PCT/US02/32592 




wo 03/048407 



PCT/US02/32592 



300 



306 




308 



Figures Prior Art 



wo (»3/«484«7 PCT/US02/32592 

4/14 



400 



306 




308 



Figure 4 Prior Art 



wo 03/048407 



5/14 



PCT/yS02/32592 



450 



458 



306 




308 



310 



302 



314 



Figure 5 



nrtnaRdorAi I > 



wo 03/048407 



PCT/US02/32592 



6/14 




Figure 6 Prior Art 



wo 03/0484()7 



PCT/US02/32592 



7/14 




Figure 7 



wo «3/0484(»7 



PCT/US()2/32592 



8/14 



600 



306 




Figure 8 



wo f)3/048407 



PCT/IIS02/32592 



9/14 




Figure 9 



a'?048407A1 I > 



wo 03/048407 



PCT/US02/32592 



10/14 




Figure 10 



r.tJCo .if): .-wo lOii-UMitJA 1 { . 



wo 03/048407 



PCT/US02/32592 



11/14 




Figure 11 



030/JR4n7A1 \ > 



wo 03/(M8407 



PCT/US02/32592 



12/14 




Figure 12 



wo 03/«48407 PCT/US()2/32592 

13/14 




Figure 13 Prior Art 



wo 03/048407 



14/14 



PCT/US02/32592 




Figure 14 



DNSOCCIO: <WO 



030«m.UV/A t 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US02/32592 



A CLASSIFICATION OF SUBJECT MATTER 

IPC(7) :C23C 14/32; HOlL 21/322; HOlL 23/4-8 

US CL :Please See Extra Sheet. 
According to International Patent Classification (IPC) or to both national classification and IPC 

B. FIELDS SEARO^iED 

Minimum documentation searched (classification system followed by classification symbols) 

U.S. : 204/ 192.32. 192.34, 192.34, 192.37; 438/627, 639. 653, 687, 712, 724; 216/66; 257/758. 761. 767 

Documentation searched other than minimum docuirientation to the extent that such documents are included in the fields 

..lectronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
MONE 



DOCUMENTS CONSIDERED TO BE RE ^ EVANT 



Category* 


Citation of document, with indicatie?'., where appropriate, of the relevant passages 


Relevant to claim No. 


Y 


us 5,985,762 A (GEFFKEN et ai) 16 NOVEMBER 1999, See 
Abstract; Column 2 lines 66-68; Column 3 lines 1-53. 


1-36 


1. 


US 5,683,547 A (AZUMA et al) 04 November 1997, Column 12 
lines 9-13; Column 13 lines 14-19; Column 22 lines 19-38; Column 
24 lines 4-23. 


1-36 


X 


US 5,674,787 A (ZHAO et al) 07 October 1997, See Abstract; 
Column 5 lines 47-68; Column 6 lines 1-5. 


37, 38 


Y 


1-36 


X 
Y 


US 5,098,860 A (CHAKRAVORTY et al) 24 March 1992, See 
Abstract; Column 4 lines 42-60; Column 5 lines 25-34, lines 37-57; 
Column 6 lines 19-38, lines 47-59. 


37, 38 
1-36 



I I Further documents are listed in the continuation of Box C. [ | See patent family annex. 



* Special categories of cited documents: 

"A" document defining the general state of the art which is not 

considered to be of particular relevance 

"E" earlier document published on or after the international filing date 

"L" document which may throw doubts on priority claim(s) or which is 

citcM \o establish the publication date of another citation or other 
5pe!:..:l reason (as specified) 

"O" document referring to an oral disclo.'iure, use, exhibition or other 

means 

*'P" document published prior to the international filing date but later 

than the priority date claimed 



later document published after the international filing date or priority 
date and not in conflict with the application but cited to understand 
the principle or theory underlying the invention 

document of particular relevance; the claimed invention cannot be 
considered novel or cannot be considered to involve an inventive step 
when the document is taken alone 

document of particular relevance; the claimed invention cannot be 
considered to involve an inventive Step when the document is 
combined with one or more other such documents, such combination 
being obvious to a person .skilled in the art 

document member of the same patent family 



Date of the actual completion of the international search 
O'l. DECEMBER 2002 


Date of mailing of the interrjational search report 


Name and mailing address of the ISA/US 
Commissioner of Patents and Trademarks 
Box PCT 

Washington, D.C. 20231 

Facsimile No. (703) 305-3230 


Authorized officer / \ / ^ r\ 

RODNEY MCDONALD //^^"^y^J^ \^ 
Telephone No. (703) 308-3807 ^ 



Form PCT/ISA/2 10 (second sheet) (July 199S)* 

wo 0304e407A1 f > 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US02/32592 



A. CLASSIFICATION OF SUBJECT MATTER: 

US CL : 



20't/ 192.32, 192.34, 192,34-, 192.37; 438/627. 639, 653, 687, 712, 724-; 216/66; 267/758. 761, 767 



Form PCT/ISA/210 (extra sheet) (July 1998)* 

lifMl--' ..".ILl WO 0301tM0/A1 I :. 



